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ABSTRACT 
SURCHARGE OF SEWER SYSTEMS 
Surcharge of a sewer is the situation in which the sewer entrance and exit are 
submerged and the pipe is flowing full and under pressure. In this report 
the hydraulics of the surcharged flow as well as the open-channel flow 
leading to and after surcharge is discussed in detail and formulated mathe- 
matically. The transition between open-channel and surcharge flows is also 
discussed. This information is especially useful for those who intend to 
make accurate advanced simulation of sewer flows. In this study an approximate 
kinematic wave - surcharge model called SURKNET is formulated to simulate open- 
channel and surcharge flow of storm runoff in a sewer system. An example 
application of the model on a hypothetical sewer system is presented. 
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I. INTRODUCTION 
In the terminology of sewerage engineering, surcharge is defined as 
the condition that the sewer is flowing full and gravity-flow no longer 
prevails. In hydromechanics, this condition is coqmonly referred to as 
pressurized-conduit flow. Although sewers are traditionally designed assuming 
open-channel flow, i.e., gravity flow in sewerage terminology (ASCE, 1969), 
surcharge of sewers may well occur in both overloaded existing systems and 
in new system designs. Some of the reasons for sewer surcharge are as 
follows . 
(a) Underdesign resulting from inaccuracies in the design 
equations, coupled with uncertainty in design parameters 
(e.g., pipe roughness), can adversely affect system design. 
(b) Hydrologic risk may cause surcharge because there is always 
a probability, no matter how small, that the design dis- 
charge may be exceeded one or more times during the service 
life of the sewer. 
(c) Construction errors and material deviations (e.g., tolerance 
in the pipe dimensions), resulting in the sewer system in- 
place not conforming to the design. 
(d) In-line pumping stations that may be required due to system 
constraints. 
(e) In-line detention or retention storage resulting in 
submergence of connecting pipes. 
(f) Changing sewer system conditions after completion of 
construction, such as blocking of manholes, deposition and 
deformation of sewer pipes. 
(g) Change of drainage basin characteristics after the design 
and construction are completed. 
A sewer system is characterized by a network of manholes and junctions 
(nodes) connected by sewer pipes (links), usually of the dendritic type although 
the loop-type networks are not uncommon. Storm sewer flow is time-varying 
(i.e., transient or unsteady) in nature because all rainstorms have finite 
durations and consequently the flood flow in the sewers changes with time. 
If the flood is small, none of the sewer pipes are completely filled and the 
flow remains as open-channel flow. However, for large floods, some or all 
of the sewer pipes may change from open-channel flow to pressurized-conduit 
flow during and near the time of the flood peak. Moreover, the flow in a 
sewer is affected by the hydraulic conditions at both its upstream and 
downstream ends. The rare exception is the case of supercritical gravity 
flow for which only the upstream effect is important (Yen, 1977; Sevuk and 
Yen, 1973). Hydrodynamically, the transition between open-channel flow and 
surcharged flow in a sewer system is one of the most complicated unsolved 
problems (Yen, 1978a). 
In the management of sewer flow for pollution control and flood 
mitigation, reliable prediction of the sewer flow is important. Obviously, 
without an accurate evaluation of manhole surcharge, it is not possible to 
predict reliably the level of flooding due to storm runoff. 
I n  r ecen t  years  t h e  abatement of storm runoff p o l l u t i o n  i s  an important 
concern. I n  order  t o  meet t h e  requirements  of t h e  Water P o l l u t i o n  Control Act 
Amendments of 1972, P.L. 92-500, t h e  cons t ruc t ion  of many new wastewater t r e a t -  
ment p l a n t s  and t h e  modi f ica t ion  of e x i s t i n g  p l a n t s  have been proposed o r  a r e  
underway i n  t h e  United S t a t e s .  It is  commonly acknowledged t h a t  l a r g e  t r e a t -  
ment p l a n t s  of t h e  s i z e  requi red  t o  handle t h e  peak storm runoff from urban 
a r e a s  a r e  economically u n j u s t i f i a b l e .  Flow r a t e  e q u i l i z a t i o n  through t h e  
use  of upstream s t o r a g e  i s  d e s i r a b l e .  Furthermore, t reatment  p l a n t s  ope ra t e  
most e f f i c i e n t l y  when t h e  flow i s  cons tan t  a t  t h e  design flow r a t e .  Use of 
on-s i te  and/or  i n - l i ne  de t en t ion  s t o r a g e  has  been considered a s  an e f f e c t i v e  
means of flow e q u i l i z a t i o n .  For urban sewer systems the  sewers j o in ing  t h e  
in - l i ne  de t en t ion  f a c i l i t i e s  a r e  u sua l ly  under surcharge ,  p a r t i c u l a r l y  during 
and immediately a f t e r  a  heavy rainstorm. I f  t h e  surcharge flows cannot be 
r e l i a b l y  p red ic t ed ,  i t  i s  most u n l i k e l y  t h a t  t h e  purpose of flow e q u i l i z a t i o n  
f o r  urban runoff p o l l u t i o n  abatement can be s a t i s f a c t o r i l y  achieved. 
Consider a  sewer design pe rmi t t i ng  a  l imi t ed  degree of surcharge f o r  
a  few sewers,  wi th  t h e  water con£ ined wi th in  manholes a i d  j unc t ions  and no t  
f looding  t h e  ground and pavement. Under c e r t a i n  circumstances,  a d d i t i o n a l  
hydraul ic  head w i l l  be a v a i l a b l e  from t h e  d i f f e r e n c e  of t h e  water  su r f aces  
i n  t h e  upstream and downstream manholes o r  junc t ions .  The r e s u l t i n g  h igher  
flow v e l o c i t y  w i l l  a l low t h e  use  of a  smal le r  sewer than would be t h e  case  
f o r  g r a v i t y  flow. I f  t h i s  surcharge condi t ion  occurs  i n  t h e  most expensive 
sewer p ipes  i n  t h e  system, t h e  sav ings  i n  us ing  smal le r  sewers can be 
cons iderable ,  achieving a  more economical design f o r  t h e  sewer system. Con- 
v e r s e l y ,  i f  the  surcharge i s  not  proper ly  s imulated,  t h e  sewer may be 
overs ized  o r  undersized.  I n  t h e  former case  i t  w i l l  be a  waste of money 
f o r  t h e  p r o t e c t i o n  r equ i r ed ,  whereas f o r  t h e  l a t t e r  ca se  t h e  undersized 
sewers w i l l  be  unable t o  handle t h e  des ign  storm runof f ,  causing f requent  
f looding.  
The o b j e c t i v e  of t h i s  r e sea rch  p r o j e c t  i s  t o  develop an  improved 
sewer surcharge s imula t ion  model which can be used t o  i n v e s t i g a t e  t h e  e f f e c t s  
of surcharge on both  sewer des ign  and dra inage  opera t ion .  I n  t h i s  r e p o r t ,  
a f t e r  a b r i e f  review of r e l a t e d  previous work and hydrau l i c  theory ,  a 
nonl inear  kinematic  wave sewer surcharge s imula t ion  scheme is descr ibed  and 
an example is presented.  
11. RELATED PREVIOUS WORK 
Many sewer f low s i m u l a t i o n  methods have been proposed i n  t h e  p a s t ,  
r a n g i n g  from t h e  s imple  r a t i o n a l  method (ASCE, 1969; Yen,1978b)  t o  t h e  h i g h l y  
s o p h i s t i c a t e d  computer-based Storm Water Management Model (SWMM, Metcal f  G 
Eddy e t  a l . ,  1971) and I l l i n o i s  Storm Sewer System S i m u l a t i o n  (ISS) Model 
(Sevuk e t  al . , ,  1973) .  Most of t h e  e x i s t i n g  p i p e  network f l o w  models a r e  
e i t h e r  p u r e l y  open-channel f low o r  comple te ly  p r e s s u r i z e d - c o n d u i t  f l o w  models.  
Readers  a r e  sugges ted  t o  r e f e r  t o  p u b l i s h e d  r e f e r e n c e s  ( e . g . ,  James F.  
MacLaren, 1975; Chow and Yen, 1976,  B r a n d s t e t t e r ,  1976; and Colyer  and 
P e t h i c k ,  1976) f o r  a  r ev iew of t h e  e x i s t i n g  open-channel f l o w  sewer s i m u l a t i o n  
models.  
2.1. R e l a t e d  Work on P r e s s u r i z e d  Network Flow 
The e x i s t i n g  p r e s s u r i z e d  p i p e  network f low s i m u l a t i o n  models a r e  p r i m a r i l y  
s t e a d y  f low models developed f o r  water-supply  networks  and n o t  s p e c i f i c a l l y  f o r  
sewers .  These  models hand le  loop-type ne tworks  and u s u a l l y  s o l v e  t h e  f low 
e q u a t i o n s  u s i n g  one of  t h r e e  approaches :  t h o s e  f o l l o w i n g  C r o s s '  (1936) con- 
c e p t  of s u c c e s s i v e  r e l a x a t i o n  a p p l i e d  t o  e a c h  loop  (Adams, 1961; Di l l ingham,  
1967; Graves  and Branscome, 1958; Hoag and Weinberg, 1957; Jacoby  and Twigg, 
1968) ;  t h o s e  employing t h e  Newton-Raphson method f o r  s u c c e s s i v e  r e l a x a t i o n  of 
a l l  l o o p s  s i m u l t a n e o u s l y  (Epp and Fowler ,  1970; H a r t i n  and P e t e r s ,  1963; 
Lekane, 1979,  Lemieux, 1972) ;  and t h o s e  u s i n g  l i n e a r i z a t i o n  (Harlow e t  a l . ,  
1966; Wood and C h a r l e s ,  1972) .  Although i t  h a s  been shown t h a t  t h e  Darcy- 
Weisbach o r  Colebrook-White r e s i s t a n c e  fo rmulas  can be  programmed f o r  s o l u t i o n  
( F i e t z ,  1973; Lekane, 1979) ,  most of t h e s e  models u s e  t h e  l e s s  d e s i r a b l e  Hazen- 
W i l l i a m ' s  formula .  Th i s  i s  p a r t l y  because  t h e  l a t t e r  i s  e a s i e r  t o  s o l v e ,  b u t  
probably due more to the fact that Cross used the formula in his original dev- 
elopment at the University of Illinois in 1936. Considering the wide range of 
the Reynolds number of the flow in storm sewers and the later development in 
fluid mechanics, the Hazen-William formula is not a preferred resistance formula 
to be used. A review of the steady flow network models can be found in Jeppson 
(1975) and Shamir (1973). 
Of the existing pressurized pipe network transient flow models, the 
majority are "water hammer1' models emphasizing pressure surges (Wylie and 
Streeter, 1978). The remaining few that handle unsteady flow in pressured 
pipe networks cannot be applied directly to surcharged sewer systems. How- 
ever, they are clearly useful in formulating a surcharged unsteady flow sewer 
model. Stoner (1968), Wylie et al. (1974), and Vardy (1976) applied the 
method of characteristics to model the unsteady flow of gas in pipe networks. 
2.2. Related Work on Sewer Surcharge 
Recently, approximate techniques for surcharge flow routing have been 
incorporated into a number of sewer flow simulation models. Models using 
only Manning's or Darcy-Weisbach's formulas for open-channel flow routing in 
sewers can approximate surcharged flow. This is done by using the full 
pipe diameter and hydraulic radius in the computations, but it must include a 
means to estimate the available head for the flow. Examples of such models 
are TRRL (1976) and ILLUDAS (Terstriep and Stall, 1974) for which the flow 
simulation proceeds pipe by pipe from the upstream to downstream end of the 
network in a cascading manner. Assumptions are made to estimate the 
piezometric heads at the upstream and downstream ends of a pipe with no 
direct interaction of the pressure and discharge between upstream and down- 
stream pipes considered. In the Storm Water Management Model (SWMM, Metcalf 
& Eddy et al., 1971), whenever surcharge occurs, the excess water is 
assumed t o  s t o r e  i n  t h e  upst ream manhole w i t h o u t  a f f e c t i n g  t h e  dynamics of 
t h e  f low. 
A method proposed by Shubinsk i  and Roesner (1973) adopted Hardy Cross '  
(1936) method t o  e s t i m a t e  t h e  f low (which was i m p l i c i t l y  assumed s t e a d y  w i t h i n  
t h e  computa t iona l  t i m e  i n t e r v a l )  i n  su rcharged  p i p e s .  The w a t e r  d e p t h s  i n  t h e  
manholes a r e  t h e n  r e a d j u s t e d  based on t h e  c o n t i n u i t y  p r i n c i p l e  b e f o r e  pro- 
ceed ing  t o  t h e  n e x t  t ime  i n t e r v a l  computat ion.  They found t h i s  method un- 
s t a b l e  and l a t e r  proposed a d i f f e r e n t  v e r s i o n  which is i n c o r p o r a t e d  i n t o  
SWMM as a p a r t  of t h e  WRE T r a n s p o r t  Block (EXTRAN). I n  t h i s  v e r s i o n  (1977 
SWMM), when s u r c h a r g e  o c c u r s ,  t h e  manholes connected t o  t h e  su rcharged  p i p e s  
a r e  assumed t o  have a r t i f i c i a l  c r o s s  s e c t i o n a l  a r e a s ,  d e c r e a s i n g  i n  a r e a  from 
t h e  p i p e  crown l i n e a r l y  t o  % of t h e  p i p e  crown d e p t h  below t h e  ground. The 
r o u t i n g  t h e n  p roceeds  as i n  t h e  non-surcharged c a s e .  Excess w a t e r  s p i l t  o u t  
from manhole on t o  t h e  ground i s  assumed l o s t  and n o t  r e c o v e r a b l e .  It h a s  
been found t h a t  t h i s  approach is a l s o  u n s a t i s f a c t o r y  and l a c k s  t h e o r e t i c a l  
j u s t i f i c a t i o n .  
I n  t h e  French model CAREDAS developed by SOGREAH, s u r c h a r g e  i s  handled by 
u s i n g  t h e  "Preissmann s l o t "  t e c h n i q u e  (Preissmann and Cunge, 1961) .  I n  t h i s  
method, t h e  su rcharged  p i p e  f low is a r t i f i c i a l l y  conver ted  i n t o  open-channel 
f l o w  by assuming t h e  e x i s t e n c e  of a s l o t  on t o p  and a l o n g  t h e  f u l l  l e n g t h  of 
t h e  p i p e  (F ig .  2 . 1 ) .  The s l o t  wid th  is s o  narrow t h a t  i t s  volume is 
n e g l i g i b l e .  Consequent ly ,  t h e  open-channel f low dynamic e q u a t i o n  can b e  
a p p l i e d  t o  t h e  s lo t -modi f i ed  s u r c h a r g e  flow. However, i f  a t  any g i v e n  t ime  
many p i p e s  a r e  s u r c h a r g e d ,  t h e  s o l u t i o n  becomes v e r y  expens ive  because  t h e  
f l o w  e q u a t i o n s  f o r  a l l  su rcharged  p i p e s  ( o f t e n  f o r  non-surcharged p i p e s  as 
w e l l )  must b e  s o l v e d  s i m u l t a n e o u s l y .  Approximate t e c h n i q u e s  t o  reduce  t h e  

s imul taneous  computat ion,  such  as t h e  over-lapping-segment method (Sevuk e t  a l . ,  
1973) ,  are n o t  v e r y  r e l i a b l e  when a p p l i e d  t o  t h e  s l o t  t echn ique  because  p r e s s u r e  
waves i n  su rcharged  p i p e s  t r a n s m i t  f a r t h e r  upst ream t h a n  i s  t h e  c a s e  of open- 
channe l  f low. It h a s  a l s o  been found t h a t  computa t iona l  s t a b i l i t y  problems occur  
i f  t h e  assumed s l o t  wid th  i s  t o o  narrow, a l t h o u g h  n o t  n e c e s s a r i l y  i n f i n i t e s i m a l .  
Song (1976, 1978) a p p l i e d  t h e  method of c h a r a c t e r i s t i c s  t o  s o l v e  b o t h  
t h e  open-channel and surcharged  p h a s e s  of a s imple  sewer system. H e  assumed 
t r a n s i t i o n  from open-channel f low t o  su rcharged  f l o w  when t h e  d e p t h  i n  t h e  
condui t  exceeded a r e f e r e n c e s  d e p t h  s l i g h t l y  smaller than  t h e  d iamete r  of 
t h e  p i p e .  The j u n c t i o n  of t h e  p i p e s  were assumed as a p o i n t  w i t h  a common wate r  
s u r f a c e  f o r  a l l  t h e  j o i n i n g  p i p e s .  J u n c t i o n  s t o r a g e  and l o s s e s  were n o t  d i r e c t l y  
accounted f o r .  
Bettess e t  a l .  (1978) proposed an improved method t o  h a n d l e  su rcharged  
f l o w  i n  sewer systems. The d i s c h a r g e  of a p i p e  i n  t h e  sewer sys tem a t  any 
t i m e  i s  compared t o  t h e  p i p e - f u l l  d i s c h a r g e .  I f  t h e  former exceeds  t h e  l a t t e r ,  
t h e  p i p e  i s  assumed surcharged .  I n  t h i s  manner, a l l  su rcharged  p i p e s  a t  a 
g iven  t i m e  i n  t h e  system a r e  i d e n t i f i e d .  The subsystem of su rcharged  p i p e s  
a r e  then  s o l v e d  s imul taneous ly  u s i n g  Darcy-Weisbach's formula  t o g e t h e r  w i t h  
t h e  uns teady  f low manhole c o n t i n u i t y  e q u a t i o n .  The method i s  r e a s o n a b l y  
r e a l i s t i c ,  n o t  e x c e s s i v e l y  s o p h i s t i c a t e d ,  and p r a c t i c a l .  The major uncer-  
t a i n t i e s  are t h e  manhole l o s s  c o e f f i c i e n t s  and t h e  t r a n s i e n t  c o n d i t i o n  between 
open-channel and surcharged  f l o w s .  
2.3. Other  R e l a t e d  P r e v i o u s  S t u d i e s  
L i t t l e  h a s  been done on an e q u a l l y  impor tan t  problem of sewer s u r c h a r g e ,  
namely, t h e  t r a n s i t i o n  between surcharged  and open-channel f low.  Hydrodynam- 
i c a l l y ,  t h e  t r a n s i t i o n  phenomenon i s  one of t h e  most d i f f i c u l t  problems. It 
involves  not  only unsteady nonuniform flow but  a l s o  t h e  complicat ions of a i r  
entrainment ,  j unc t ion  l o s s e s ,  and moving bores  and su rges  (moving hydrau l i c  
jumps). Haindl (1957) i n v e s t i g a t e d  t h e  t r a n s i t i o n  of s teady  f low from open- 
channel t o  f u l l  p ipe  through a  hydrau l i c  jump. H e  found t h a t  t h e  t r a n s i t i o n  
depends on t h e  pre-jump Froude number and a i r  supply i n  t h e  p ipe ,  and t h a t  
t h e  energy l o s s  of t h e  r e s t r a i n e d  hydrau l i c  jump is less than  o r  equal  t o  
t h e  f r e e  hydraul ic  jump having t h e  same pre-jump Froude number. Mayer-Peter 
and Favre (1932) f i r s t  discussed t h e  t r a n s i e n t  problem i n  t h e  t a i l r a c e  tunne l  
of t h e  Wettigen Hydropower P lan t .  A b r i e f  review and d i scuss ion  of t h e  
t r a n s i e n t  surges  i n  a  s imple conduit  can be  found i n  Wiggert (1972). Zovne 
(1970) s tudied  t h e  propagat ion of bores  and hydrau l i c  jumps f o r  unsteady 
open-channel f low us ing  t h e  method of c h a r a c t e r i s t i c s .  He concluded t h a t  t h e  
Sa in t  Venant equat ions  can be used provided c e r t a i n  precaut ions  a r e  taken. 
Information on l o s s e s  of Tee junc t ions  f o r  p ipes  can be found i n  t h e  
l i t e r a t u r e  (e .g . ,  M i l l e r ,  1971). However, d a t a  on junc t ion  l o s s e s  i n  manholes 
a r e  r a t h e r  l i m i t e d  f o r  s teady  f low cases  and nonexis ten t  f o r  unsteady flows. 
Sangster  e t  a l .  (1958) i nves t iga t ed  exper imenta l ly  t h e  manhole l o s s e s  of 
surcharged p ipe  flows. Townsend and P r i n s  (1978) presented some e x p e r i m e n t a l - .  
r e s u l t s  on manhole l o s s  c o e f f i c i e n t s  under s t eady  f r ee - su r f ace  flows. 
Volkart  (1978) s tud ied  exper imenta l ly  t h e  a i r  entrainment  of s teady  flow 
i n  p a r t i a l l y  f i l l e d  p ipes  of s t e e p  s lopes .  H i s  r e s u l t s  i n d i c a t e  t h a t  t h e  a i r  
entrainment depends on t h e  Froude number of t h e  flow, t h e  depth t o  p ipe  
diameter r a t i o ,  and t h e  s lope  and roughness of t h e  p ipe .  K i l l e n  and Anderson 
(1968) i n v e s t i g a t e d  t h e  i n t e r f a c e  c h a r a c t e r i s t i c s  and a i r  entrainment  of 
f r e e  s u r f a c e  flow. Dukler (1972hamong o t h e r s ,  d i scussed  t h e  s t a b i l i t y  of t h e  
i n t e r f a c e  between a i r  and flowing l i q u i d .  
P e r h a p s  t h e  s t u d i e s  most f a m i l l a r  t o  h y d r a u l i c  ctngineers which a r e  
r e l e v a n t  t o  sewer f low are t h e  c l a s s i f i c a t i o n s  of  t y p e s  of  f l o w s  i n  c u l v e r t s  
r e p o r t e d  i n  Chow (1959) ,  P o r t l a n d  Cement A s s o c i a t i o n  (1964) ,  and U.S. G e o l o g i c a l  
Survey (Bodhaine,  1969) .  The las t  c l a s s i f i c a t i o n  i s  reproduced i n  F i g .  2 .2 .  
A l l  t h e s e  c l a s s i f . i c a t i o n s  of d i f f e r e n t  t y p e s  o f  f l o w s  a r e  f o r  s t e a d y  f l o w  i n  
a s i n g l e  p i p e .  The a c t u a l  f l o w  c a s e s  f o r  sewer  ne tworks  are,  e s p e c i a l l y  f o r  
u n s t e a d y  f l o w s ,  c o n s i d e r a b l y  more c o m p l i c a t e d  and w i l l  be d i s c u s s e d  i n  t h e  
f o l l o w i n g  c h a p t e r .  
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111. THEORY OF SEWER NETWORK HYDRAULICS 
Because of  t h e  temporal  and s p a t i a l  v a r i a t i o n s  of r a i n f a l l  even t s ,  s torm 
sewer f lows  a r e  g e n e r a l l y  unsteady,  i . e . ,  t ime-varying.  The p a t t e r n  of  sewer 
runoff  due t o  a  surcharge-causing heavy r a in s to rm  i s  such  t h a t  open-channel 
f low occu r s  i n  t h e  sewer be fo r e  and a f t e r  t h e  surcharge .  There fore ,  t h e  e n t i r e  
range  of f low c o n d i t i o n s  should be  cons idered  i f  a  complete i n v e s t i g a t i o n  of 
sewer surcharge  i s  d e s i r e d .  A s  a  m a t t e r  of convenience,  i n  t h i s  r e p o r t  t h e  
e n t i r e  range  of f low i s  d iv ided  i n t o  t h r e e  regimes.  They a r e  open-channel o r  
f r e e - su r f ace  o r  g r a v i t y  f low,  p ressur ized-condui t  o r  surcharged f low,  and t h e  
t r a n s i t i o n  between t h e  open-channel and surcharged  flows. 
A sewer system is a  network of manholes o r  j u n c t i o n s  (nodes) connected 
by sewer p i p e s  ( l i n k s ) .  Usual ly  s torm sewer networks a r e  cons idered  a s  t h e  
d e n d r i t i c  type  network, a l t h o u g h l o ~ p - t y p e n e t w o r k s  do e x i s t .  There a r e ,  of 
course ,  o t h e r  r e g u l a t o r y  and c o n t r o l  f a c i l i t i e s  i n  sewer systems.  However, i n  
t h i s  r e p o r t  t h e  emphasis i s  on t h e  behav ior  of t h e  manholes and p i p e s ,  and t h e  
a u x i l i a r y  f a c i l i t i e s  a r e  n o t  cons idered .  
3.1. Flow i n  a  Sewer P i p e  
3.1.1.  C l a s s i f i c a t i o n  of Flow i n  S i n g l e  F i p e  
The f i r s t  s t e p  toward unders tand ing  t h e  f low i n  a  sewer system i s  t o  
unders tand t h e  flow i n  a  s i n g l e  sewer p ipe .  The f low i n  a  sewer p i p e ,  s i m i l a r  
t o  t h a t  i n  a c u l v e r t ,  h a s  t h r e e  r e g i o n s ;  namely, t h e  e n t r a n c e ,  t h e  p i p e  
flow, and t h e  e x i t .  There a r e  f o u r  c a se s  of e n t r a n c e  c o n d i t i o n s  a s  l i s t e d  
i n  Tab le  3 . 1  and i l l u s t r a t e d  i n  F ig .  3.1.  Case I i s  a s s o c i a t e d  w i th  downstream 
c o n t r o l  of t h e  p i p e  f low.  Case I1 is  a s s o c i a t e d  w i t h  upstream c o n t r o l  of t h e  
p i p e  flow. I n  Case I11 t h e  p i p e  f low under t h e  a i r  pocket  may be  s u b c r i t i c a l ,  
s u p e r c r i t i c a l ,  o r  t r a n s i t i o n a l .  I n  Case I V  t h e  p i p e  f low i s  o f t e n  c o n t r o l l e d  
by t h e  downstream c o n d i t i o n  b u t  sometimes by b o t h  e n t r a n c e  and downstream 
cond i t i ons .  
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TABLE 3.1. PIPE ENTRANCE CONDITIONS 
Case Hydraulic Condition 
I Nonsubmerged ent rance ,  s u b c r i t i c a l  flow 
I I Nonsubmerged ent rance ,  s u p e r c r i t i c a l  flow 
I11 Submerged ent rance ,  a i r  pocket 
I V  Submerged ent rance ,  "water pocket" 
TABLE 3.2. PIPE EXIT CONDITIONS 
Case Hydraulic Condition 
A Nonsubmerged, f r e e  f a l l  
B Nonsubmerged, continuous 
C Nonsubmerged, hydraul ic  jump 
D Submerged 
The e x i t  condi t ions  can a l s o  be  grouped i n t o  fou r  cases  a s  l i s t e d  i n  
Table 3.2 and i l l u s t r a t e d  i n  Fig.  3.2. I n  Case A t h e  p ipe  flow is  under e x i t  
con t ro l .  I n  Case B t h e  flow is under upstream c o n t r o l  i f  it is s u p e r c r i t i c a l  
and downstream c o n t r o l  i f  s u b c r i t i c a l .  In  Case C t h e  p ipe  flow is under upstream 
con t ro l  wi th  t h e  manhole water su r face  under downstream con t ro l .  I n  Case D 
t h e  p ipe  flow is o f t en  under downstream c o n t r o l  but  can a l s o  be under both 
upstream and downstream con t ro l .  
A s  t o  t h e  flow wi th in  t h e  p ipe ,  it can be s u b c r i t i c a l  o r  s u p e r c r i t i c a l  
open-channel flow, uniform o r  nonuniform, wi th  o r  without a  hydraul ic  jump o r  
drop, g r a v i t y  flow o r  surcharged, and usua l ly  tu rbu len t .  Without taking i n t o  
cons idera t ion  t h e  d i f f e r e n t  modes of a i r  entrainment,  t h e  p ipe  flow can be 
c l a s s i f i e d  i n t o  t e n  groups a s  l i s t e d  i n  Table 3 . 3  and i l l u s t r a t e d  i n  Fig. 3.3. 
The poss ib l e  en t rance  and e x i t  condi t ions  f o r  each of t h e  t e n  p ipe  flow cases  a 
a r e  a l s o  g iven  i n  Tab le  3.3.  T h e r e f o r e ,  c o n s i d e r i n g  t h e  p i p e  f l o w  t o g e t h e r  
w i t h  i t s  p o s s i b l e  e n t r a n c e  and e x i t  c o n d i t i o n s ,  t h e r e  a r e  29 p o s s i b l e  c a s e s  
a l t o g e t h e r  j u s t  f o r  one p i p e .  Fur thermore,  a d d i t i o n a l  sub-cases e x i s t  s i n c e  
s t o r m  sewer f lows  are unsteady.  For example, f o r  open-channel f low t h e  sub- 
c a s e s  can be  w i t h  a r i s i n g ,  f a l l i n g ,  o r  s t a t i o n a r y  f r e e  s u r f a c e .  For  t h e  c a s e s  
w i t h  a h y d r a u l i c  jump o r  d rop ,  t h e  jump o r  d rop  may be moving upst ream,  down- 
s t r e a m ,  .- - o r  s t a t i o n a r y . .  
TABLE 3.3. PIPE FLOW CONDITIONS 
P o s s i b l e  P o s s i b l e  
Case P i p e  Flow E n t r a n c e  Case E x i t  Case 
1 S u b c r i t i c a l  I ,  I11 A Y B  
2  S u b c r i t i c a l  -t h y d r a u l i c  drop -t s u p e r c r i t i c a l  I ,  I11 B Y C  
3  S u p e r c r i t i c a l  11, I11 B Y C  
4  S u p e r c r i t i c a l  -t h y d r a u l i c  jump -t s u b c r i t i c a l  11, I11 A Y B  
5 S u p e r c r i t i c a l  -t h y d r a u l i c  jump -t s u r c h a r g e  11, I11 D 
6  Surcharge  -t s u p e r c r i t i c a l  I V  B Y C  
7  Surcharge  -t s u b c r i t i c a l  I V  A y B  
8  S u b c r i t i c a l  -t s u r c h a r g e  I ,  I11 D 
9  S u p e r c r i t i c a l  -t s u r c h a r g e  
1 0  Surcharge  
I t  shou ld  b e  mentioned h e r e  t h a t  t h e  f l o w  c o n d i t i o n s  g iven  i n  Tab le  3 .3  
a p p l y  t o  s t e a d y  f l o w  as w e l l .  However, Case 6  i s  r a r e  f o r  uns teady  f low and 
does n o t  occur  a t  a l l  f o r  s t e a d y  f low.  T h e r e f o r e ,  27 p o s s i b l e  s t e a d y  f low 
c a s e s  e x i s t ,  o f  which some are r a t h e r  rare, e . g . ,  p i p e  f low Cases 2 ,  7 ,  and 9  
seldom occur  i n  s t e a d y  f low.  The c a s e s  d e s c r i b e d  i n  Chow (1959) ,  P o r t l a n d  
Cement A s s o c i a t i o n  Handbook (1964) ,  Bodhaine (1968) ,  and o t h e r  l i t e r a t u r e  a r e  
t h e  major  c a s e s  t h a t  are o f t e n  observed.  A s  an  example, Bodhaine's  t y p e s  of 
f low shown i n  F i g .  2.2 a r e  i d e n t i f i e d  i n  Tab le  3.4 accord ing  t o  t h e  c l a s s i -  
f i c a t i o n s  i n  T a b l e  3.3. 


TABLE 3.4. IDENTIFICATION OF BODMINE'S TYPES OF PIPE FLOW 
~ o d h a i n e ' s  Type of C l a s s i f i c a t i o n  According t o  
Flow (Fig.  2.2) Table  3.3. 
1 11-3-B o r  C 
3.1.2. Hydraul ic  Behavior of Flow i n  S ing le  P i p e  
There a r e  a  number of unsolved hydrodynamic problems encountered durinq 
t h e  process  of t h e  flow i n  a  storm sewer s t a r t i n g  from dry  o r  n e a r l y  d ry  bed 
t o  surcharge  and then back t o  t h e  n e a r l y  d ry  bed. The problems of a i r  en t r a in -  
ment, en t rance  and e x i t  l o s s e s  of t h e  p ipe  a t  connecting manholes, and a  
moving s u r f a c e  d i s c o n t i n u i t y  (moving hydrau l i c  jump o r  drop) have been 
mentioned i n  Sec t ion  2.3.  
Yen (1978a)descr ibed  f i v e  types  of hyd rau l i c  i n s t a b i l i t i e s  i n  sewer 
systems, one of which i s  t h e  surge  i n s t a b i l i t y  of a  network. The o t h e r  fou r  
types  of i n s t a b i l i t i e s  occur i n  s i n g l e  sewer p ipes  and a r e  d i scussed  b r i e f l y  
a s  fol lows.  
(A) A nea r  dry-bed flow i n s t a b i l i t y  which is  dominated by t h e  s u r f a c e  tens ion  
e f f e c t .  Th i s  i n s t a b i l i t y  is  not  important  f o r  surcharged flow. 
(B) The t r a n s i t i o n  i n s t a b i l i t y  between s u p e r c r i t i c a l  and s u b c r i t i c a l  flow. 
A s  mentioned p rev ious ly ,  t h i s  i n s t a b i l i t y  i s  p a r t i c u l a r l y  d i f f i c u l t  t o  
handle  i f  t h e  f low i s  unsteady and t h e  s u r f a c e  d i s c o n t i n u i t y  i s  moving. 
(C) Water-surface roll-wave i n s t a b i l i t y  which i s  dominated by g r a v i t y  e f f e c t s  
and u s u a l l y  a s s o c i a t e d  w i t h  open-channel flow having a  Froude number 
g r e a t e r  than 2. F igure  3.4 i s  a  ske t ch  of t h e  r o l l  waves. I f  t h e  he igh t  of 
Fig. 3.4. Roll Waves in a Sewer 
the roll wave is large in comparison with the size of the sewer pipe, full- 
pipe flow may occur intermittently because of the roll waves, especially 
if tllc air entrainment problem occurs simultaneously. 
(D) The instability at the transition between open-channel flow and full 
conduit flow. This instability is most relevant to sewer surcharge. 
There are several factors causing this instability, including (a) non- 
unique discharge-depth relationship when the pipe is nearly full, 
(b) insufficient air supply to maintain an air pocket at the pipe 
entrance, (c) surface tension effect of the pipe crown when the pipe is 
nearly full, and (d) surface waves, especially roll waves. These 
factors may act individually or in combination to cause the instability 
problen. 
To illustrate the first factor of non-unique discharge-depth relationship, 
consider the relatively simple case of steady flow in a circular pipe as an 
example. The nondimensional discharge-depth relationship for steady, uniform, 
open-channel flow and the discharge-piezometric pressure gradient relationshop 
for steady uniform flow in a closed conduit is shown schematically in Fig. 3.5. 
In the open-channel flow regime, the maximum discharge does not occur at the 
depth ,  h ,  equa l  t o  t h e  p ipe  d iamete r ,  D. It  occurs  a t  approximately  h  = 0.94 D ,  
v a ry ing  s l i g h t l y  depending on t h e  Reynolds number of  t h e  f low.  Th i s  dec r ea se  
i n  d i s c h a r g e  when t h e  p i p e  is  n e a r l y  f i l l e d  i s  due t o  t h e  r a p i d  i n c r e a s e  i n  
wet ted  pe r ime t e r  as h  approaches  D ,  and t h e  consequent i n c r e a s e  i n  t h e  p ipe  
boundary r e s i s t a n c e  t o  t h e  flow. A s  shown i n  F ig .  3 .5 ,  t h e  r e l a t i o n s h i p  
between t h e  d i s cha rge  and dep th  o r  p i ezome t r i c  g r a d i e n t  i s  unique above p o i n t  E 
o r  below p o i n t  J. Between p o i n t s  J and E a g iven  d i s cha rge  can have d i f f e r e n t  
dep th s  o r  p i ezome t r i c  g r a d i e n t .  
. . 
TO i l l u s t r a t e  t h e  second f a c t o r  of i n s u f f i c i e n t  a i r  supply  i n  t h e  p i p e  
t o  ma in t a in  a s t a b l e  a i r  pocke t ,  cons ide r  t h e  s imple  c a s e  of a submerged p ipe  
e n t r a n c e  as shown i n  F ig .  3.6. Assume t h a t  i n i t i a l l y  t h e  d i s cha rge  e n t e r i n g  
t h e  p i p e  is  Qe cor responding  t o  t h e  manhole depth and wa t e r  s u r f a c e  p r o f i l e  
a w i t h  t h e  a i r  pocket  shown i n  F ig .  3.6.  Th i s  p r o f i l e  is  c l a s s i f i e d  as 
Type 111-5-D w i t h  s m a l l  e x i t  submergence i n  Tab le  3.3. S ince  t h e  sewer 
is  n o t  ventilated and i ts  downstream p a r t  i s  s e a l e d  by t h e  h y d r a u l i c  jump i n  
t h e  p i p e ,  en t ra inment  of t h e  t rapped  a i r  i n t o  t h e  f lowing  wa t e r  c r e a t e s  a low 
p r e s s u r e  i n  t h e  a i r  pocket  ( a  s i t u a t i o n  similar t o  unde r -ven t i l a t ed  w e i r  o r  
s l u i c e  g a t e ) .  Subsequent ly ,  t h e  d i s cha rge  i n t o  t h e  sewer i n c r e a s e s  w h i l e  t h e  
dep th  i n  t h e  upstream manhole d rops .  One p o s s i b i l i t y  is  t h a t  t h e  h ighe r  
d i s cha rge  (>Q ) pushes  t h e  h y d r a u l i c  jump o u t s i d e  t h e  p i p e ,  a l l owing  a i r  t o  
e  
e n t e r ,  r e s u l t i n g  i n  a tmospher ic  p r e s s u r e  f o r  t h e  a i r  i n  t h e  p ipe .  Th i s  i s  
shown as s u r f a c e  p r o f i l e  X i n  F ig .  3.6 and is Case 111-3-C i n  Tab le  3.3.  
Consequently,  t h e  d i s c h a r g e  drops  (<Qe) ,  t h e  h y d r a u l i c  jump occurs  i n s i d e  
t h e  p i p e  aga in ,  and t h e  c y c l e  r epea t s .  
Ratio of Discharge to Pipe-Full Discharge, Q/Qf 
Fig. 3.5. Discharge Rating Curve for Steady Flow 
in a Circular Pipe 
Fig. 3.6. Air Entrainment Instability in a Sewer 
3.1.3. Mathematical Representation of Flow in a Pipe 
The open-channel phase of the sewer flow can be represented mathematically 
by a pair of partial differential equations of hyperbolic type (Yen, 1973, 
1975) 
-- 
l a  fi 2 a 1 aA + -- (- Q ) + cos0 - (Kh) + (K - K') h cos0 - - 
g~ at g~ ax A ax A ax 
in which Q is discharge; t is time; x is the distance along the pipe longi- 
tudinal direction; A is flow cross sectional area perpendicular to x; h is 
flow depth measured normal to x; 0 is the angle between the sewer axis and a 
< 
horizontal plane (Fig. 3.7); S = sin 8 is the sewer slope; S is the friction 
0 f 
slope; f3 is a momentum flux correction factor; K and K' are correction 
factors for nonhydrostatic pressure distribution; T represents the force due 
to internal stresses acting normally to A; y is the specific weight of the 
liquid, assumed incompressible and homogeneous; and g is gravitational 
acceleration. Equation 3.1 is the continuity equation and Eq. 3.2 is the 
momentum equation. They are derived from the principle of conservation of 
mass and Newton's second law, respectively. 
Because of the difficulties in solving Eqs. 3.1 and 3.2, in practice 
they are simplified by assuming f3 = 1 (uniform velocity distribution over A), 
hydrostatic pressure distribution (K = K' = l), and neglecting the last term 
in Eq. 3.2 containing T. The result is the well known complete (but not 
exact) dynamic wave or Saint Venant equations, 

Alternatively, Eqs. 3.1 and 3 . 3  can be expressed in terms of the average 
velocity, V, over the cross sectional area A, i.e., 
in which B is the water surface width. 
In the surcharged phase, the flow cross-sectional area is csnstant equal 
to the full pipe area Af. The continuity and momentum equations can be 
written as 
in which P is the piezometric pressure of the flow and other symbols are 
a 
as previously defined. For a pipe having constant cross-section and flowing 
full throughout its length, av/ax = 0. By neglecting the spatial variation of 




= H  - 1 av 
- K  - = L  (S +--) 
u Hexit u 2g f g at 
i n  which H and Hexit a r e  t h e  t o t a l  head a t  t h e  e n t r a n c e  and e x i t  o f  t h e  
U 
p i p e ,  r e s p e c t i v e l y  ( F i g .  3 . 8 ) ;  and K i s  t h e  e n t r a n c e  l o s s  c o e f f i c i e n t .  
u  
Equa t ions  3.6 and 3.7 can b e  d e r i v e d  a s  a  s p e c i a l  c a s e  o f  Eqs. 3 . 1  and 3.2. 
T h i s , i n d e e d , i s  t h e  t h e o r e t i c a l  b a s i s  of t h e  Preissmann s l o t  t e c h n i q u e  
(Preissmann and Cunge, 1961) .  
The f r i c t i o n  s l o p e ,  S f ,  i s  u s u a l l y  e s t i m a t e d  by u s i n g  Manning's formula  
o r  t h e  Darcy-Weisbach formula ,  
i n  which n  i s  Manning's roughness  f a c t o r ;  f  i s  t h e  Weisbach r e s i s t a n c e  
c o e f f i c i e n t ;  and R i s  t h e  h y d r a u l i c  r a d i u s  which i s  e q u a l  t c  A d i v i d e d  by 
t h e w e t t e d p e r i m e t e r .  These two e q u a t i o n s  a r e  a p p l i c a b l e  t o  b o t h  su rcharged  
and open-channel f lows.  For t h e  open-channel c a s e  t h e  p i p e  i s  f lowing  
p a r t i a l l y  f i l l e d  and t h e  geomet r ic  pa ramete rs  of t h e  f low c r o s s  s e c t i o n  a r e  
computed a s  f o l l o w s  
D~ A = - ( @  - s i n  @) 8  
s i n  @ R = D- ( 1 - --- 
4 @ 1 
@ R = D s i n  - 2  

i n  which D i s  t h e  d iamete r  of t h e  p i p e  and $ is t h e  c e n t r a l  a n g l e  i n  r a d i a n s  
d e s c r i b e d  by t h e  w a t e r  s u r f a c e  having a  wid th  B (F ig .  3 . 7 ) .  I f  t h e  f low i s  
assumed s t e a d y  and uniform, Eqs. 3 .3  o r  3 .5  reduce  t o  So = Sf and Q = AV. 
Hence, from Eq. 3.9 f o r  s t e a d y  uniform f low u s i n g  Manning's formula 
i n  which t h e  c o n s t a n t  C = 0.0737 f o r  Engl i sh  u n i t s  and 0.0496 f o r  S I  u n i t s .  
Cor responding ly ,  t h e  Darcy-Weisbach formula  (Eq. 3.10) y i e l d s  
Advanced t e c h n i q u e s  f o r  s o l v i n g  s to rm sewer f low problems u s u a l l y  adopt  
Eqs. 3 . 1  and 3 .3  o r  Eqs. 3 .4  and 3.5 t o  s i m u l a t e  t h e  open-channel f low phase  
o f  t h e  sewer f low and Eqs. 3.6 and 3 .8  t o  s i m u l a t e  t h e  su rcharged  f low.  
3.2.  Flow i n  a  Sewer Network 
3 . 2 . 1  Sewer J u n c t i o n s  
The sewers  i n  a  network a r e  j o i n e d  by manholes and j u n c t i o n s .  There  a r e  
one-way manholes .o r  j u n c t i o n s ,  f o r  which t h e r e  i s  o n l y  one p i p e  connected t o  
t h e  manhole. T h i s  i s  t h e  c a s e  f o r  t h e  most upstream manhole which r e c e i v e s  
s u r f a c e  r u n o f f  d i r e c t l y  th rough  t h e  i n l e t s .  Two-way j u n c t i o n s  have two p i p e s  
connected t o  a  j u n c t i o n .  They a r e  u s u a l l y  provided f o r  a  change i n  a l ignment ,  
p i p e  s i z e ,  o r  s l o p e .  A  three-way j u n c t i o n  ( o r  Y-junct ion)  has  t h r e e  p i p e s  
connected t o  i t .  A four-way ( o r  f o r k )  j u n c t i o n  h a s  f o u r  p i p e s  connected t o  
t h e  j u n c t i o n .  J u n c t i o n s  j o i n i n g  more t h a n  f o u r  p i p e s  e x i s t  i n  s p e c i a l  s i t u a t i o n s .  
H y d r a u l i c a l l y , a  j u n c t i o n  imposes t h r e e  major e f f e c t s .  F i r s t ,  i t  p r o v i d e s  
a  s p a c e  f o r  s t o r a g e .  Second, i t  d i s s i p a t e s  t h e  k i n e t i c  energy of t h e  f low 
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from j o i n i n g  sewers.  Th i rd ,  i t  imposes backwater e f f e c t s  t o  t h e  sewers 1 
connected a t  t h e  j unc t i on .  The p r e c i s e  h y d r a u l i c  d e s c r i p t i o n  of t h e  f low a t  
sewer j u n c t i o n s  i s  r a t h e r  complicated and d i f f i c u l t  because of t h e  h igh  degree  
of f low mixing, s e p a r a t i o n ,  t u rbu l ence ,  and energy l o s s e s .  Yet c o r r e c t  
r e p r e s e n t a t i o n  of t h e  j u n c t i o n  h y d r a u l i c s  is impor tan t  i n  r e a l i s t i c  and 
r e l i a b l e  computation of f l ow  i n  sewer systems.  
Mathemat ical ly ,  t h e  j unc t i on  h y d r a u l i c  c o n d i t i o n  is  u s u a l l y  descr ibed  I J 
by a c o n t i n u i t y  equa t ion  and sometimes a ided  by an  energy equa t ion .  The 
momentum equa t i on  i s  r a r e l y  used because i t  i s  a  v e c t o r  r e l a t i o n s h i p  and t h e  
changes of momentum and f o r c e s  a r e  d i f f i c u l t  t o  e v a l u a t e  i n  a j unc t i on .  The 
p r i n c i p l e  of conse rva t i on  of mass g ive s  t h e  fo l lowing  c o n t i n u i t y  equa t i on  
i n  which Q is t h e  f low i n t o  o r  ou t  from t h e  j u n c t i o n  by t h e  i - t h  j o i n i n g  i i 
sewer,  be ing  p o s i t i v e  f o r  i n f l ow  and n e g a t i v e  f o r  ou t f low;  r e p r e s e n t s  t h e  
I d i r e c t ,  t empora l ly  v a r i a b l e  wate r  i n f l ow  i n t o  ( p o s i t i v e )  o r  t h e  pumpage o r  
l eakage  ou t  from (nega t i ve )  t h e  j u n c t i o n ,  i f  any;  s i s  t h e  s t o r a g e  i n  t h e  I 1 
j u n c t i o n ;  and t i s  t ime.  For  a manhole of cons t an t  c r o s s - s e c t i o n a l  a r e a ,  
A s = A.Y where  Y i s  t h e  dep th  i n  t h e  j u n c t i o n  (F ig .  3 . 9 ) .  Noting t h a t  Y j ' J 
i 
i s  r e l a t e d  t o  t h e  manhole wate r  s u r f a c e  e l e v a t i o n  H by H = Y + z (F ig .  3 . 8 ) ,  I 
I 
when z i s  t h e  e l e v a t i o n  of t h e  j u n c t i o n  bottom. 
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approximate energy expressions are assumed. For a submerged entrance from the 
junction into a surcharged downstream pipe (Case IVY Fig. 3.1) the flow 
2 behaves like an orifice and the head loss through the entrance is K V /2g 
U 
where K is the entrance loss coefficient and V is the velocity in the 
u 
downstream pipe. Accordingly, the instantaneous discharge from the junction 
into the downstream pipe can be estimated from Q = AV where the velocity V is 
given by Eq. 3.8. For a sharp-edged abrupt entrance, the value of K is 
u 
approximately equal to 0.5 (Rouse, 1950). 
For Case I11 in Fig. 3.1, where the entrance of the out-flowing downstream 
pipe is submerged but the pipe is not filled, the flow near the entrance 
behaves somewhat like a sluice gate. The outflow rate from the junction is 
Q = AV where A and V are the flow cross sectional area and velocity at the 
vena contracta, respectively. The veloctiy can be estimated by using 
in which AH is the piezometric head difference between the water surface in the 
junction and the vena contracta. The corresponding entrance head loss is 
For the case of flow from the junction into a downstream sewer with a non- 
submerged entrance (Cases I and I1 in Fig. 3.1) the water depth in the junction 
is assumed equal to the entrance loss plus the specific energy of the flow at 
the pipe entrance. Thus, 
i n  which z  is t h e  he igh t  of t h e  p ipe  i n v e r t  above t h e  r e f e r ence  datum and y  
i s  t h e  depth  of f low measured v e r t i c a l l y  a t  t h e  en t r ance  of t h e  p ipe .  Note 
t h a t  f o r  Case I1 i n  F ig .  3 . 1  y = y a t  t h e  sewer en t rance .  
C 
. .  
Now cons ider  t h e  inf lows i n t o  a  j unc t ion .  For an  upstream p i p e  d i s cha rg ing  
i n t o  t h e  j unc t ion ,  i f  t h e  e x i t  of t h e  p i p e  i s  submerged (Case D ,  F ig .  3 .2 . ) ,  
t h e  wa te r  s u r f a c e  i n  t h e  j unc t ion  i s  assumed equa l  t o  t h e  t o t a l  head of t h e  
flow a t  t h e  p i p e  e x i t  minus t h e  e x i t  l o s s .  Thus, 
v2 2  v 2  H = -- v - 
- K  - "1 e x i t  + I b ; - K d t - H e x i t  d 2 g  
i n  which t h e  p iezomet r ic  head P /y i s  measured from t h e  r e f e r e n c e  datum, V i s  
a  
t h e  v e l o c i t y  a t  t h e  p ipe  e x i t ,  and K i s  t h e  e x i t  l o s s  c o e f f i c i e n t .  I f  t h e  d  
k i n e t i c  energy of t h e  j enc t ion  in f low is assumed t o  be completely l o s t ,  
K = 1. This  i s  a  g ros s  assumption because, un l e s s  t h e  j unc t ion  i s  very  l a r g e ,  d  
p a r t  of t h e  k i n e t i c  energy may be recovered i n  t h e  outf low from t h e  j unc t ion  
i n t o  t h e  downstream sewer. This  energy recovery depends on, among o t h e r  
f a c t o r s ,  t h e  alignment of upstream and downstream p ipes  and t h e  s i z e  of t h e  
j unc t ion .  
I f  t h e  upstream inf lowing p ipe  i s  n o t  submerged a t  i t s  e x i t  i n t o  t h e  
j u n c t i o n  and t h e  f low i n  t h e  p ipe  i s  s u b c r i t i c a l  (Case A and B i n  F ig .  3 .2) ,  
then 
i f y  c + z < H  
otherwise  
i n  which z is  t h e  he ight  of t h e  p ipe  i n v e r t  a t  i t s  e x i t  measured above t h e  
r e f e rence  datum, y  is  t h e  p ipe  flow depth measured v e r t i c a l l y  a t  i t s  e x i t ,  and 
Yc 
i s  t h e  c r i t i c a l  depth corresponding t o  t h e  ins tan taneous  flow r a t e  Q a t  
t h e  p ipe  e x i t  (Fig.  3 .9) .  
For t h e  above t h r e e  cases  of flow i n t o  a  junc t ion  (submerged e x i t  o r  
s u b c r i t i c a l  f low),  t h e  flow i n  t h e  upstream pipe  is d i r e c t l y  a f f e c t e d  by t h e  
water  depth i n  t h e  junc t ion ,  except f o r  t h e  condi t ion  of Eq. 3.22b (Case A ,  
Fig. 3 .2) .  This  is commonly known a s  t h e  downstream backwater e f f e c t .  I f  t h e  
flow a t  t h e  e x i t  of t h e  upstream pipe  is  s u p e r c r i t i c a l  (Cases B and C i n  
Fig. 3 .2) ,  t h e  flow i n  t h e  upstream pipe  i s  no t  a f f e c t e d  by t h e  water  depth i n  
t h e  junc t ion .  The water  depth i n  t h e  junc t ion  i s  determined by t h e  junc t ion  
con t inu i ty  equat ion  (Eq. 3.17) and t h e  energy equat ion,  i . e . ,  
i f  no hydrau l i c  jump occurs  i n  t h e  junc t ion .  I f  a  hydrau l i c  jump occurs  i n  t h e  
junc t ion  which is a  h ighly  un l ike ly  case,  
i n  which I! r ep re sen t s  t h e  head l o s s  of t h e  hydrau l i c  jump. f-jump 
3.2.2. Sewer Networks 
With t h e h y d r a u l i c s o f  i nd iv idua l  sewers descr ibed  mathematically a s  
discussed i n  Sec t ion  3 .1  and t h e  hydrau l i c s  of i nd iv idua l  j unc t ions  mathmatically 
represen ted  a s  d i scussed  i n  Sec t ion  3.2.1 , t h e  problem of storm runoff i n  
a  sewer network can t h e o r e t i c a l l y  b e  so lved  using phys i ca l  p r i n c i p l e s .  I n  
t r u t h ,  not  a  s i n g l e  sewer network c o n s i s t i n g  of more than  a  few (say 10) p ipes  
has s o  f a r  been solved s a t i s f a c t o r i l y  us ing  t h e  b a s i c  hydrodynamic p r i n c i p l e s  
wi thout  making use  of any assumptions o r  a r t i f i c a l l y  imposed c o n t r o l s .  There 
a r e  many reasons  f o r  t h i s  d i f f i c u l t y ,  such a s  
( a )  t h e  Sa in t  Venant equa t ions  a r e  n o t  exac t  (Yen, 1973, 1975);  
(b) t h e  flow r e s i s t a n c e  c o e f f i c i e n t ,  whether i t  i s  i n  t h e  Manning, 
Chezy, o r  Darcy-Weisbach form, i s  unknown f o r  unsteady nonuniform flow; 
(c )  t h e  energy l o s s  c o e f f i c i e n t s  a t  t h e  j unc t ions  (Ku f o r  p ipe  en t r ance  
l o s s  and Kd f o r  p i p e  e x i t  l o s s )  a r e  geometry dependent and unknown 
f o r  unsteady flow; 
(d) t h e  mathematical d i f f i c u l t i e s  of so lv ing  t h e  Sa in t  Venant equa t ions  
o r  s i m i l a r  hyperbol ic  type  p a r t i a l  d i f f e r e n t i a l  equa t ions ;  
( e )  t h e  hyd rau l i c  i n s t a b i l i t y  problems inc lud ing  p re s su re  surge  and the  
change between open-channel and p re s su r i zed  condui t  f lows; and 
( f )  t h e  backwater e f f e c t ,  i . e . ,  t h e  mutual dependence of t h e  f low i n  
t h e  connect ing p ipes .  
Some of t h e s e  reasons  do n o t  impose s e r i o u s  problems. For i n s t ance ,  t h e  
S a i n t  Venant equa t ions ,  a l though n o t  e x a c t , h a v e b e e n  shown t o  be good 
approximations even f o r  s u p e r c r i t i c a l  f low (Zovne, 1970).  The steady-flow 
r e s i s t a n c e  and energy c o e f f i c i e n t s  can be used a s  approximations.  Mathematical 
d i f f i c u l t i e s  have been reduced wi th  t h e  improvement and development of computer 
c a p a b i l i t y  and numerical  techniques.  
The hydrau l i c  s t a b i l i t y  problems f o r  a  sewer p ipe  have been d iscussed  
i n  Sec t ion  3.1.2. For a  sewer network w i t h  t h e  p ipes  surcharged,  t h e r e  i s  a  
p re s su re  surge  i n s t a b i l i t y  due t o  t h e  i n t e r a c t i o n  between p re s su r i zed  condui ts .  
Surges i n  t h e  sewers a r e  p re s su re  waves s i m i l a r  t o  waterhammer i n  p ipe  ne t -  
works f o r  which previous s t u d i e s  have been reviewed b r i e f l y  i n  Chapter 2. 
The surges  may be due t o  t he  meeting of f l ood  waves from d i f f e r e n t  sewer 
branches a t  a j unc t ion ,  due t o  sudden surcharges  of manholes o r  p ipes ,  o r  due 
t o  any o t h e r  abrupt  change of t h e  flow. It has  even been observed i n  many 
l o c a t i o n s  t h a t  surges  of water  s p i l l e d  ou t  from manholes on to  t h e  ground su r f ace .  
The theory t o  ana lyze  t h e  surge  i n s t a b i l i t y  has  been developed. It needs only 
t o  be r e f ined  and app l i ed  t o  sewer networks.  It should be mentioned t h a t  
s i n c e  p re s su re  i s  t r ansmi t t ed  immediately,  t h e  su rges  i n  t h e  sewers and manholes 
a r e  mutual ly  r e l a t e d  and t h e r e  i s  a p o s s i b l i t y  of resonance. 
The primary reason  f o r  t h e  d i f f i c u l t i e s  i n  so lv ing  sewer network flow 
accu ra t e ly  us ing  t h e  phys i ca l  p r i n c i p l e s  i s  t h e  mutual backwater e f f e c t s  
between t h e  sewers.  I n  f a c t ,  a major d i f f e r e n c e  between t h e  flow through a 
c u l v e r t  and a sewer network i s  t h e  network e f f e c t  f o r  t h e  l a t t e r .  The e f f e c t  
of backwater i n  a sewer network cannot be over-emphasized, p a r t i c u l a r l y  f o r  
t h e  case  of surcharged sewers ,  a s  can be  demonstrated through t h e  fol lowing 
r a t h e r  s i m p l i f i e d  example. 
F igure  3.10 i s  a schematic drawing of a sewer i n  t h e  Oakdale Avenue 
Drainage Basin i n  Chicago. The 10-in. sewer i s  170 f t  long running n o r t h  
along L e c l a i r e  Avenue from an a l l e y  t o  t h e  i n t e r s e c t i o n  of Oakdale and 
L e c l a i r e  Avenues. The sewer has a s l o p e  of 0.71% and a Manning roughness 
f a c t o r  n = 0.014. I n  a convent iona l  c a l c u l a t i o n ,  t h e  sewer flow i s  computed 
us ing  t h e  sewer s lope  a s  t h e  flow s l o p e ,  i . e . ,  corresponding t o  t h e  water 
s u r f a c e s  U and C i n  t h e  upstream and downstream manholes, r e s p e c t i v e l y .  
Using Manning's formula and assuming s t eady  uniform flow, t h e  computed d i s -  
charge i s  1.72 c f s .  I n  r e a l i t y ,  even f o r  a given upstream manhole having 
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Fig .  3.10. Backwater E f f e c t  on Discharge  of an Oakdale Avenue Sewer 
a wate r  s u r f a c e  a t  U ,  t h e  downstream manhole l e v e l  can be lower o r h i g h e r  
t han  l e v e l  C. I f  t h e  l e v e l  is  lower ,  t h e  d i s c h a r g e  w i l l  be  g r e a t e r  t han  
1.72 c f s ;  whereas i f  t h e  l e v e l  i s  h i g h e r ,  t h e  d i s c h a r g e  w i l l  be sma l l e r .  
Obviously ,  i f  t h e  downstream l e v e l  i s  a t  A,  t h e  same e l e v a t i o n  as i n  t h e  up- 
s t ream manhole, t h e r e  w i l l  be  no f low i n  t h e  sewer.  
The a c t u a l  h y d r a u l i c  phenomena, of cou r se ,  a r e  cons ide r ab ly  more complicated 
t han  t h i s  s i m p l i f i e d  i d e a l i z e d  example because t h e  f low i s  uns teady  and t h e r e  is  
more t han  one sewer i n  t h e  network imposing mutual  backwater e f f e c t s .  Moreover, 
i f  t h e  manholes a r e  f u l l y  surcharged ,  t h e  over land  s u r f a c e  f low between t h e  
manholeswi l l  i n t e r a c t  w i t h  t h e  sewer flow. I n  most eng inee r i ng  computation 
of  sewer f lows ,  t h e  e f f e c t s  of f low u n s t e a d i n e s s ,  of t h e  changes of wate r  
s u r f a c e s  i n  t h e  connec t ing  j u n c t i o n s ,  and of t h e  i n t e r a c t i o n  between sur -  
charged sewer and s u r f a c e  f lows a r e  s imply ignored .  The sewer c a p a c i t y  i s  
s imply computed as f u l l - p i p e  g r a v i t y  f low,  equa l  t o  t h e  f low under  t h e  head 
d i f f e r e n c e  between wa t e r  s u r f a c e s  U and C shown i n  F ig .  3.10. The exces s ive  
f low above t h e  computed sewer c a p a c i t y  i s  o f t e n  assumed t o  s t o r e  i n  t h e  
immediate upstream j u n c t i o n .  Likewise ,  t h e  wa t e r  l e v e l  i n  t h e  j u n c t i o n  is  n o t  
computed w h i l e  t h e  excess  s t o r e d  wa t e r  is  assumed t o  impose no e f f e c t  on t h e  
flows i n  t h e  o t h e r  sewers connect ing t o  t h e  j unc t ion .  Handl ing t h e  sur -  
charge i n  such a  manner i s  simply erroneous,  no t  an approximation a s  many 
engineers  have thought ,  and i t  can r e s u l t  i n  dangerous and c o s t l y  conclusions 
f o r  urban sewer flow management. 
A s  d i scussed  i n  Sec t ion  3 .1 .1  , f o r  a  s i n g l e  sewer t h e r e  a r e  29 p o s s i b l e  
flow cases  (Table 3.3).  For  a  two-way junc t ion  t h e r e  a r e  29' = 841 p o s s i b l e  
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cases .  For a  three-way junc t ion ,  t h e r e  a r e  29 = 24,389 ca se s .  I n  gene ra l ,  
i 
i f  t h e r e  a r e  N p o s s i b l e  f low cases  i n  each sewer,  f o r  an m-way junc t ion  t h e '  
p o s s i b l e  ca se s  a r e  fl assuming no r e v e r s a l  f low occurs  i n  any one of t h e  
m sewers.  For a  three-way junc t iqn ,  i f  two of t h e  sewers a r e  in f low sewers 
f o r  which t h e  o rde r  of occurrence of t h e  flows i n  t h e  two sewers a r e  immater ia l  
and in te rchangable  ( e .g . ,  i n  t h e  flow i d e n t i f i c a t i o n ,  t h e  f low case  of 11-3-B 
i n  Sewer 1 and IV-10-B i n  Sewer 2  i s  considered a s  t h e  d u p l i c a t e  of t h e  
r e v e r s e  case  of IV-10-B i n  Sewer 1 and 11-3-B i n  Sewer 2 ) ,  t h e  number of 
2  p o s s i b l e  cases  i n  N (N+1)/2 = 12,615. Likewise,  f o r  a  four-way junc t ion  no t  
count ing t h e  d u p l i c a t e  ca se s ,  and without  r e v e r s a l  f low i n  any one of t h e  
2  p ipes ,  t h e  number of p o s s i b l e  flow cases  i s  N (N+l)(N+2)/6 = 130,355. When 
t h e  network s i z e  expands from one junc t ion  t o  many junc t ions ,  t h e  number of 
p o s s i b l e  cases  i n c r e a s e s  as t ronomica l ly .  This  demonstrates  t h e  d i f f i c u l t y  
i n  so lv ing  p r e c i s e l y  t h e  storm runoff  i n  sewer networks and i l l u s t r a t e s  a  
major d i f f e r e n c e  i n  cons ider ing  a  s i n g l e  p ipe  and a  sewer system. Obviously, 
i t  i s  not  p o s s i b l e  t o  account f o r  a l l  t h e  cases  i n  any a t tempt  of us ing  
Eqs. 3 .1  and 3.3 ( o r  3.4 and 3 .5) ,  3.6 and 3.7 o r  3 .8 ,  and 3.17 through 3.24, 
whenever a p p l i c a b l e ,  t o  so lve  f o r  t h e  stormwater flow i n  a  sewer network. 
Therefore ,  assumptions and s i m p l i f i c a t i o n s  a r e  necessary  t o  exclude t h e  l e s s  
important  ca se s  s o  t h a t  t h e  problem becomes managable and so lvab le .  
I V .  KINEMATIC WAVE - SURCHARGE MODEL 
4.1.  Kinematic Wave Approximation 
Because of t h e  complexity i n  s o l v i n g  t h e  S a i n t  Venant equa t i ons  f o r  
unsteady open-channel f lows ,  a  number of approximat ions  have been used i n  
s o l v i n g  eng inee r i ng  problems (Yen, 1977) .  A popula r  s i m p l i f i c a t i o n  i s  
t h e  k inemat ic  wave approximat ion which ha s  a  s i m p l i f i e d  momentum equa t i on  
ob t a ined  by dropping a l l  bu t  t h e  l a s t  two s l o p e  terms i n  Eq. 3 . 3  o r  3 .5 ,  i . e . ,  
The f r i c t i o n  s l o p e ,  S f ,  i s  normal ly  approximated by t h e  Darcy-Weisbach formula 
(Eq. 3.10) o r  Manning's formula (Eq. 3 .9 ) .  The k inemat ic  wave approximat ion 
i nvo lve s  so lv ing  Eq. 4 . 1  w i t h  a p p r o p r i a t e  i n i t i a l  and boundary c o n d i t i o n s ,  
t o g e t h e r  w i th  a  c o n t i n u i t y  equa t i on  
i n  which t h e  terms a r e  a s  de f i ned  p r ev ious ly  i n  Chapter 3. Th i s  equa t i on  
can be  i n t e g r a t e d  over  a  reach  of t h e  sewer p ipe  having a  l e n g t h  AL t o  y i e l d  
i n  which I and Q a r e  t h e  i n f l ow  i n t o  and ou t f low from t h e  r each ,  r e s p e c t i v e l y :  
s i s  t h e  wa t e r  s t o r a g e  i n  t h e  r each ,  and d s / d t  i s  t h e  t ime r a t e  of change 
of s t o r a g e .  Th is  equa t ion  i s  g e n e r a l l y  known as t h e  s t o r a g e  equa t i on  i n  
hydrology. 
The s i m p l i f i e d  f low equa t i ons  f o r  a  surcharged  p ipe  flow corresponding t o  
t h e  open-channel k inemat ic  wave equa t i ons  can be ob ta ined  from Eq. 3 . 8  by 
n e g l e c t i n g  t h e  av/at term. With t h e  downstream j u n c t i o n  w a t e r  s u r f a c e ,  
Hd ' 
r e l a t e d  t o  H by Eq. 3 .21 (Fig .  3 .81,  Eq. 3 .8  y i e l d s  
e x i t  
t o g e t h e r  w i t h  t h e  p i p e  f low c o n t i n u i t y  e q u a t i o n  
A l l  t h e  terms have been d e f i n e d  p r e v i o u s l y .  The j u n c t i o n  c o n t i n u i t y  e q u a t i o n  
2  i s  g iven  by Eq. 3.18. Combining Eqs. 4.3 and 3 .6  and n o t i n g  t h a t  Af = nD /4  
where D is  t h e  p i p e  d i a m e t e r ,  one o b t a i n s  
i n  which 
Only f o r  s p e c i a l  s i m p l e  c a s e s  t h a t  an  a n a l y t i c a l  s o l u t i o n  can be  o b t a i n e d  
f o r  t h e  open-channel f low k i n e m a t i c  wave e q u a t i o n s .  (Eqs. 3 . 1  o r  3.4 and 4 . 1 ) .  
I n  g e n e r a l  t h e s e  e q u a t i o n s  a r e  s o l v e d  n u m e r i c a l l y .  In t h i s  c h a p t e r  a 
s i m p l i f i e d  k i n e m a t i c  wave-surcharge model c a l l e d  SURKNET i s  fo rmula ted  t o  
s i m u l a t e  approx imate ly  t h e  open-channel and s u r c h a r g e  f lows  i n  a sewer network.  
A more s o p h i s t i c a t e d  and a c c u r a t e  model based on t h e  dynamic wave e q u a t i o n s  w i l l  
b e  p r e s e n t e d  i n  a s e p a r a t e  r e p o r t  which i s  t h e  j u n i o r  a u t h o r ' s  M.S. t h e s i s .  
4.2.  Formulat ion of SURKNET Model 
The SURKNET Model i s  fo rmula ted  based on Eqs. 4 . 1  and 4.2 f o r  open 
channe l  f low and Eqs. 4 .3  and 3.6 f o r  su rcharged  p i p e  f low,  t o g e t h e r  w i t h  
Manning's formula  (Eq. 3.9 o r  3.15) t o  e s t i m a t e  t h e  f r i c t i o n  s l o p e .  D e t a i l s  
a r e  d e s c r i b e d  a s  f o l l o w s .  
4.2.1.  Open-Channel Flow 
I n s t e a d  of s o l v i n g  t h e  k inemat ic  wave e q u a t i o n s  d i r e c t l y  a s  i n  a  t r u e  
k inemat ic  wave model (Yen, 1977) ,  Eq. 4.2 i s  r e w r i t t e n  i n  a  f i n i t e  d i f f e r e n c e  
form f o r  a  r e a c h ,  
i n  which t h e  s u b s c r i p t s  1 and 2  r e p r e s e n t  t h e  t imes  t and t = t + A t .  I n  1 2  1 
t h i s  e q u a t i o n ,  a l l  t h e  q u a n t i t i e s  a t  t ime  t a r e  known from t h e  r e s u l t s  of t h e  1 
p r e v i o u s  t ime-s tep computation o r  i n i t i a l  c o n d i t i o n .  The i n f l o w  I2 i s  know from 
t h e  o u t f l o w  of t h e  p reced ing  r e a c h  o r  manhole. The two unknowns a r e  
Q 2  and s To e s t i m a t e  t h e  s t o r a g e  s ,  an approximat ion proposed by Thol in  2  ' 
and K e i f e r  (1960) based on s p a t i a l  i n t e g r a t i o n  o f  Manning's formula  i s  
adopted and modi f i ed  f o r  p a r t - f u l l  p i p e  f low,  
Equat ions  4.6 and 4.7 a r e  s o l v e d  n u m e r i c a l l y  a s  f o l l o w s .  
(A) S e l e c t  a  t r i a l  v a l u e  of Q and compute s from Eq. 4.7. 2  2  
(B) S u b s t i t u t e  t h e  t r i a l  Q and cor responding  s i n t o  Eq. 4 .6 .  2  2  
(C) Adjus t  t r i a l  v a l u e  of Q 2  ' 
(D) Repeat s t e p s  A ,  By and C u n t i l  convergence.  
A t  t h e  e n t r a n c e  of a  sewer p i p e  from t h e  manhole, t h e  i n f l o w ,  I ,  i n t o  
t h e  f i r s t  r e a c h  of t h e  p i p e  i s  computed by u s i n g  Manning's formula  f o r  
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p a r t  f u l l  f low,  Eq. 3.15,  where t h e  c e n t r a l  a n g l e  4 is a f u n c t i o n o f t h e  f low , 
depth  and p i p e  d iamete r  a s  expressed  i n  Eq. 3.14. 
The change of wa t e r  dep th  i n  a  manhole is  computed from t h e  c o n t i n u i t y  
equa t i on  (Eq. 3.17) w r i t t e n  i n  a  f i n i t e  d i f f e r e n c e  form, 
i n  which C i n d i c a t e s  summation of a l l  t h e  i n f l ows  i n t o  t h e  manhole and o t h e r  
terms a r e  as de f i ned  p r ev ious ly .  
4.2.2.  Surcharged Flow 
Under surcharged  c o n d i t i o n ,  t h e  manhole c o n t i n u i t y  equa t i on  (Eq. 3.17) 
i n  f i n i t e  d i f f e r e n c e  form is  
i n  which t h e  manhole c r o s s  s e c t i o n  a r e a  a t  t imes  t and t may be d i f f e r e n t  
2  1 
when i t  i s  complete ly  f i l l e d .  Cons ider ing  a sewer p ipe  t o g e t h e r  w i th  i t s  
upstream manhole a s  an  e lement ,  e l i m i n a t i n g  HU2 by combining Eqs. 4.4 and 
4.9 y i e l d s  
i n  which H i s  t h e  wa t e r  s u r f a c e  e l e v a t i o n  i n  t h e  upstream manhole a t  t h e  
u l  
t ime tl, Hd2 i s  t h e  wa t e r  s u r f a c e  e l e v a t i o n  i n  t h e  downstream manhole a t  t h e  
t ime t and A and A a r e  t h e  upstream manhole c r o s s  s e c t i o n a l  a r e a s  a t  t 2  ' 1 2 1 
and t r e s p e c t i v e l y  . 2 ' 
Through t h e  H t e r m ,  t h i s  equa t i on  c l e a r l y  i n d i c a t e s  t h a t  t h e  f lows i n  d2 
t h e  surcharged  p i p e s  a r e  i n t e r r e l a t e d  and should be  cons idered  a s  a  system. 
However, f o r  t h e  p re sen t  model, i n  o rde r  t o  make the  p ipe  computation sequence 
compatible w i th  t h e  kinematic  model, namely so lv ing  t h e  p ipes  i n  a  cascading 
manner, p ipe  by p ipe ,  from upstream towards downstream, i t  was decided t h a t  
an approximation i s  assumed on H SO t h a t  each p ipe  can be so lved  independ- d  2  
e n t l y .  A f u r t h e r  reason is  t h a t  SURKNET is  only an approximate model and a  
more s o p h i s t i c a t e d  dynamic wave is a l s o  being developed and w i l l  be repor ted  
soon. The assumption adopted is  t h a t  H i n  Eq. 4.10 i s  approximated by t h e  d2 
depth a t  t h e  prev ious  t ime,  Hdl. The consequence of t h i s  assumption may be 
s eve re  under unfavorable  cond i t i ons .  
When t h e  water  s u r f a c e  i n  a  manhole reaches t h e  ground, s u r f a c e  ponding 
is assumed without  volume l i m i t a t i o n .  The impounded water  on t h e  s u r f a c e  i s  
assumed t o  r e t u r n  t o  t h e  same manhole a t  a  l a t e r  t ime without  any l o s s e s .  No 
inter-manhole s u r f a c e  flow is d i r e c t l y  a l lowed.  
With t h e  assumptions j u s t  descr ibed ,  Eq. 4.10 can e a s i l y  be  solved a s  a  
q u a d r a t i c  func t ion  of Q But v i o l a t i o n s  of t h e  assumptions in t roduce  2' 
complicat ions i n t o  t h e  method. The fol lowing d e s c r i b e s  t h e  p o s s i b l e  consequences 
of t h e  above formulat ion.  
1. The assumptions a r e  s a t i s f i e d  and t h e  a lgor i thm converges t o  a  c o r r e c t  
va lue  w i th in  a  f i n i t e  number of i t e r a t i o n s .  No problems a r i s e ,  and t h e  rou t ing  
i s  complete f o r  t h a t  element a t  t h e  cu r r en t  time. 
2. The assumptions a r e  no t  s a t i s f i e d  and t h e  requi red  d i scharge  Q is  s o  2 
l a r g e  t h a t  i t  d r a i n s  more water  than  t h a t  s t o r e d  i n  t h e  upstream manhole. 
This  would i n d i c a t e  a  dry bed s i t u a t i o n  i n  t h a t  element which i s  n o t  
allowed. Hence, t h e  d i scharge ,  Q 2 ,  is  s e t  t o  t h e  base  flow va lue ,  and t h e  
rou t ing  i s  complete. 
3 .  The assumptions a r e  no t  s a t i s f i e d ,  and t h e  r equ i r ed  d i scharge  Q i s  2 
not  l a r g e  enough t o  d r a i n  away a  s u f f i c i e n t  amount of s t o r a g e  w i t h i n  t h e  

s p e c i f i e d  t i m e  i n t e r v a l .  I n  t h i s  c a s e ,  t h e  computed Q2 i s  a c c e p t e d  as t h e  
su rcharged  element d i s c h a r g e  and t h e  upst ream manhole d e p t h  and s t o r a g e  v a l u e s  
a r e  s e t  t o  t h e  v a l u e s  c o n s i s t e n t  w i t h  Q 2  ' 
The r e a d e r  shou ld  be  aware t h a t  t h e  impetus  f o r  making t h e  above s i m -  
p l i f y i n g  assumption i s  t h e  n a t u r e  of t h e  k i n e m a t i c  wave r o u t i n g  scheme. S ince  
t h e  downstream boundary c o n d i t i o n  i s  n o t  accounted  f o r  i n  t h e  a n a l y s i s ,  t h e  
downstream manhole wa te r  dep th  a t  t h e  new t ime  i s  n o t  known. T h e r e f o r e ,  some 
r e a s o n a b l e  assumption must b e  made t o  c a r r y  o u t  t h e  su rcharged  f low com- 
p u t a t i o n s .  Higher o r d e r  schemes such  a s  t h e  d i f f u s i o n  wave o r  dynamic wave 
do n o t  e x h i b i t  t h i s  problem. 
4.2.3.  Flow T r a n s i t i o n  
Flow t r a n s i t i o n ,  as d e f i n e d  i n  t h i s  s t u d y ,  i s  t h e  dynamic p r o c e s s  
whereby t h e  f low c o n d i t i o n  i n  a  g i v e n  p i p e ' r e v e r t s  between open-channel and 
surcharged  f low.  For  a s u f f i c i e n t l y  heavy r a i n f a l l  e v e n t ,  t h e  f l o w  w i l l  
i n i t i a l l y  b e  open-channel, t h e n  make t h e  t r a n s i t i o n  t o  su rcharged  f low.  A s  
t h e  s to rm p a s s e s ,  t h e  p r e s s u r i z e d  c o n d i t i o n  i s  r e l i e v e d  and t h e  t r a n s i t i o n  
back t o  open-channel f low i s  made. The t r a n s i t i o n  problem i s  a f u n c t i o n  of 
channe l  geometry,  s l o p e ,  roughness ,  l e n g t h ,  s u r f a c e  t e n s i o n ,  r o l l  waves, and 
t h e  degree  of a i r  en t ra inment .  I n  t h e  t r a n s i t i o n  computat ion,  o f t e n  b o t h  
t h e  hydrodynamic and numer ica l  i n s t a b i l i t i e s  a r e  invo lved .  I n  t h e  SLTRKNET 
f o r m u l a t i o n ,  t h e  i n s t a b i l i t y  e f f e c t s  of r o l l w a v e s ,  s u r f a c e  t e n s i o n ,  and a i r  
en t ra inment  a r e  n e g l e c t e d .  
I n  a  sewer c o n s i s t i n g  of a  number of r e a c h e s ,  t r a n s i t i o n  i s  assumed t o  
p r o p a g a t e  towards e i t h e r  upst ream o r  downstream r e a c h  by r e a c h  i n  s u c c e s s i o n  
( e . g . ,  F ig .  4 . 1 ) .  However, i f  a  long  computa t iona l  t ime i n t e r v a l  i s  used ,  
t h e  t r a n s i t i o n  may occur  s imul taneous ly  i n  more t h a n  one r e a c h .  During t h e  
transition propagation, surcharged reaches are assumed to carry the just-full 
pipe discharge until transition is completed for the entire sewer. 
Transition between open-channel flow and surcharge flow is assumed to 
follow the trajectory JFE of the discharge rating curve shown in Fig. 3.5, 
adjusted for flow unsteadiness, instead of JGFE. However, to avoid repeated 
computations of the rating curves for different degrees of unsteadiness, it is 
arbitrarily assumed that the transition point J occurs at the flow depth to 
pipe diameter ration, h / ~ ,  equal to 0.91. The same assumption was made in the 
French model CAREDAS mentioned in Chapter 11. A better assumption would be to 
assume the transition from open-channel flow to surcharged flow to follow 
.TGE and from surcharged flow to open-channel flow to follow EFJ. However, 
because of the loop nature of JGEFJ for the rising and falling discharges, a 
computational stability problem may occur if the discharge changes slowly near 
this transition region. Therefore, the simple version is assumed in SURKNET. 
For the case of downstream propagation of the transition, when the out- 
flow of a reach approaches the just-full pipe discharge, transition is assumed 
to occur in that particular reach. 
For the case of upstream propagation of transition to surcharge, when 
surcharge occurs at the upstream end of a reach, the immediate upstream reach 
is check for transition. If the upstream reach is not already surcharged or 
undergoing transition for surcharging, this upstream reach is assumed to be 
surcharged during one time increment of computation. If the flow in the up- 
stream reach is originally supercritical, this moving transition is essentially 
a simplified view of a upstream-moving hydraulic jump. 
For the upstream propagation of transition from surcharged flow to open- 
channel flow, instead of considering the transition reach by reach, an 
assumption is made that when the water surface at the exit of the sewer drops 
below t h e  p i p e  crown, t h e  e x i t  i s  no l o n g e r  submerged and t h e  e n t i r e  sewer 
w i l l  become open-channel f low i n  one t ime  increment .  T h i s  assumption i s  
n e c e s s a r y  because  t h e  k inemat ic  wave approximat ion i s  unab le  t o  account  f o r  
t h e  downstream backwater  e f f e c t .  
4.2.4.  Boundary Condi t ions  
I n  SURKNET t h e  sewer network i s  d i v i d e d  i n t o  e lements .  Each element 
c o n s i s t s  of a sewer t o g e t h e r  w i t h  t h e  manhole connected t o  i t s  upst ream.  For  
su rcharged  c o n d i t i o n ,  t h e  element i s  ana lyzed  as a u n i t  by s o l v i n g  Eq.  4.10. 
For  open-channel and t r a n s i t i o n  c o n d i t i o n s ,  t h e  f low i s  s o l v e d  s e p a r a t e l y  f o r  
t h e  manhole and r e a c h e s  o f  sewers  u s i n g  t h e  a p p r o p r i a t e  e q u a t i o n s  g i v e n  i n  
S e c t i o n  4.2.1.  The s o l u t i o n  depends on t h e  boundary c o n d i t i o n s ,  i . e . ,  t h e  f low 
c o n d i t i o n s  imposed a t  t h e  ends  of t h e  manholes o r  sewers. The i n h e r e n t  
assumptions  o f  t h e  k inemat ic  approximat ion p r e c l u d e  t h e  c o n s i d e r a t i o n  of t h e  
downstream boundary e f f e c t s .  However, i n  SURKNET a n  a t t e m p t  i s  made t o  account  
f o r  downstream backwater  e f f e c t  when t r a n s i t i o n  t o  s u r c h a r g e  i s  propaga t ing  
towards  upst ream as d i s c u s s e d  i n  S e c t i o n  4.2.3.  
The upst ream boundary c o n d i t i o n  f o r  any e lement  i s  t h e  manhole in f lows  
d i r e c t l y  i n t o  t h e  manhole from s u r f a c e  and from upstream sewers .  The upstream 
boundary c o n d i t i o n  of t h e  sewer i s  t h e  o u t f l o w  from t h e  manhole. I f  t h e  
sewer i s  comple te ly  su rcharged  and i t s  upstream end submerged, t h e  e lement  is  
s o l v e d  a s  a u n i t  (Eq. 4.10) and t h e  boundary c o n d i t i o n  between t h e  manhole 
and t h e  f o l l o w i n g  sewer  is  n o t  needed. Fpr  t r a n s i t i o n  and open-channel f low 
i n  t h e  p i p e ,  t h e  boundary c o n d i t i o n s  a r e  e l a b o r a t e d  a s  f o l l o w s .  
( a )  The upst ream manhole is  f i l l e d  below t h e  crown a t  t h e  e n t r a n c e  of 
t h e  f o l l o w i n g  p i p e . -  I n  t h i s  c a s e ,  t h e  sewer ( a t  l e a s t  f o r  i t s  
e n t r a n c e  r e a c h )  i s  open-channel f low.  The upstream manhole w a t e r  
s u r f a c e  e l e v a t i o n  i s  computed by u s i n g  Eq. 4 .8 .  The i n i t i a l  i ~ f l o w s ,  
out f low,  and wa t e r  s u r f a c e  e l e v a t i o n  of t h e  manhole a t  t h e  t ime 
t = t a r e  a l l  known. The i n f l ows  i n t o  t h e  manhole a t  t h e  t ime 1 
t = t + A t  a r e  a l s o  known a s  t h e  boundary c o n d i t i o n .  The manhole 
2  1 
out f low,  Q2, a t  t h e  t ime t is  approximated by us ing  Manning's 2  
formula f o r  p a r t - f u l l  p i p e  f low,  Eq. 3.15,  i n  which $I is  a  known 
f u n c t i o n  of t h e  wate r  s u r f a c e  e l e v a t i o n  H a t  t h e  t ime t 2  2  ' 
Accordingly,  H2 and Q2 can be so lved  and i n  t u r n  used as t h e  up- 
s t ream boundary cond i t i on  f o r  t h e  en t r ance  r each  of t h e  open-channel 
sewer flow. The f low i n  t h e  sewer reach  is  determined by s o l v i n g  
Eqs. 4 .6  and 4.7.  
The manhole i s  f i l l e d  above t h e  crown of t h e  fo l lowing  p ipe  bu t  
below t h e  ground s u r f a c e  (Case M i n  F ig .  3 . 9 ) . -  I n  t h i s  c a s e ,  t h e  
sewer f low can be  open-channel (Case I11 i n  F ig .  3.1) o r  surcharged 
(Case I V  i n  F ig .  3 . 1 ) .  For t h e  l a t t e r ,  t h e  element is surcharged ,  
Eq. 4.10 i s  a p p l i c a b l e  and no boundary c o n d i t i o n  a t  t h e  e n t r a n c e  of 
t h e  sewer i s  r e q u i r e d .  For t h e  former ,  t h e  manhole wa t e r  s u r f a c e  
e l e v a t i o n  H a t  t ime t i s  g iven  by Eq. 4 . 8  i f  Q  i s  provided.  2  2  2  
S t r i c t l y  speak ing ,  t h e  d i s c h a r g e  i n t o  t h e  p i p e  is  a  f u n c t i o n  of t h e  
wate r  s u r f a c e  e l e v a t i o n  i n  t h e  upstream manhole a s  w e l l  a s  t h e  down- 
s t ream cond i t i on .  T h e o r e t i c a l l y ,  Q can be  computed by u s ing  a 2  
s l u i c e  g a t e  formula ,  equa l  t o  t h e  f low c r o s s  s e c t i o n a l  a r e a  A at  
t h e  vena c o n t r a c t a  m u l t i p l i e d  by t h e  v e l o c i t y  g iven  by Eq. 3.19. 
However, s i n c e  t h e  t ime of occur rence  of t h i s  phase is  u s u a l l y  s h o r t  
i n  comparison t o  t h e  t ime increment  of t h e  r o u t i n g ,  f o r  t h e  s ake  of 
s i m p l i c i t y ,  t h e  manhole ou t f low is assumed e q u a l  t o  t h e  j u s t - f u l l  
p ipe  d i s c h a r g e  g iven  by Manning's formula .  Th is  manhole ou t f low is 
then  used a s  t h e  upstream boundary c o n d i t i o n  f o r  t h e  fo l lowing  
sewer reach .  
( c )  The manhole i s  f i l l e d  and ponding occu r s  on ground s u r f a c e  (Case N 
i n  F ig .  3 . 9 ) . -  The manhole wate r  budget i s  de sc r i bed  by Eq. 4 .9  i n  
which H i s  e s s e n t i a l l y  equa l  t o  t h e  ground e l e v a t i o n ,  bu t  
A2H2 - AIHl - AS which is  t h e  change of wa t e r  volume on t h e  ground. 
This  volume, A s ,  can b e  computed i f  Q i s  known. Again, a s  de sc r i bed  2  
i n  t h e  p reced ing  paragraph ,  Q should  be eva lua t ed  by us ing  t h e  s l u i c e  2  
g a t e  equa t i on  w i th  t h e  head equa l  t o  t h e  d i f f e r e n c e  between t h e  
ground e l e v a t i o n  and wate r  s u r f a c e  e l e v a t i o n  a t  t h e  vena c o n t r a c t a .  
Once more f o r  t h e  s ake  of s i m p l i c i t y ,  t h e  sewer upstream boundary 
cond i t i on  i s  approximate i n  SURKNET by t h e  j u s t - f u l l  p i p e  d i s cha rge  
g iven  by Manning's formula .  
4.3. SURKNET Computer Program 
The SLTRKNET computer program was w r i t t e n  i n  ASA FORTRAN f o r  running on 
t h e  Un ive r s i t y  of I l l i n o i s  CDClCYBER 175 d i g i t a l  computer system. It c o n s i s t s  
of n e a r l y  1000 s t a t emen t s .  A f low c h a r t  of t h e  program is shown i n  F ig .  4 .2 .  
S ince  no u s e r ' s  gu ide  was p repared ,  t h e  program is no t  l i s t e d  i n  t h i s  r e p o r t .  
However, a  copy of t h e  l i s t i n g  is  a v a i l a b l e  a t  t h e  Hydrosystems Laboratory of 
t h e  U n i v e r s i t y  of I l l i n o i s  a t  Urbana f o r  i n s p e c t i o n .  
4 .4 .  Example App l i ca t i on  of SURKNET 
The SLTRKNET model was a p p l i e d  t o  a  h y p o t h e t i c a l  5-pipe sewer network a s  
an example. The network p r o p e r t i e s  and t h e  s i m u l a t i o n  r e s u l t s  a r e  p resen ted  
i n  t h i s  s e c t i o n .  
4.4.1.  Example Sewer Network 
The example sewer network c o n t a i n s  f i v e  sewers  of d i f f e r e n t  l e n g t h s ,  
d i ame te r s ,  and s l o p e s  a s  shown i n  F ig .  4 .3  and Tables  4.1.  The Manning rough- 
n e s s  f a c t o r  i s  0.012 f o r  a l l  t h e  sewers .  The manhole p r o p e r t i e s  a r e  g iven  i n  
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Table  4.2.  The sewers a r e  i n v e r t - a l i g n e d  and t h e  i n v e r t s  a r e  6  i n c h e s  above 
t h e  bottom of t h e  connec t ing  manhole. The p i p e  i n v e r t  e l e v a t i o n  a t  t h e  o u t l e t  
( r o o t  node) i s  l o c a t e d  such t h a t  t h e  minimum s o i l  cover  requirement  above 
t h e  sewer p i p e  can be  s a t i s i f i e d .  
I n  t h e  e x a m p l e , i d e n t i c a l  i n f l o w  hydrographs  a r e  a p p l i e d  t o  each  of t h e  
f i v e  manholes. No d i r e c t  i n f l o w  hydrograph e n t e r s  t h e  o u t l e t ,  (Root Node 
number6) .  The v a l u e s  of t h e  hydrograph a r e  l i s t e d  i n  Tab le  4.3.  
I n  t h e  numer ica l  computat ion,  t h e  t i m e  i n t e r v a l u s e d i s  A t  = 30 s e c  
and t h e  s p a c e  i n t e r v a l  i s  AL = 100 f t  f o r  a l l  sewers excep t  Sewer 2-3 f o r  
which AL = 50 f t .  
TABLE 4.1. SEWER PROP ERTI ES OF EXAMPLE NETWORK 
Sewer Length S lope  Diameter 
( f t )  ( f t > 
TABLE 4.2.  MANHOLE PROPERTIES OF EXAMPLE NETWORK 
Manhole Ground Manhole Manhole 
E l e v a t i o n  Depth Diameter 
( f t )  ( f t )  ( f t )  
1 51.10 14.0 4  
4  48.00 12 .0  3  
5  46.70 11.0  6  
6  -- O u t l e t  (Root node) 
p i p e  i n v e r t  e l e v a t i o n  = 35.45 f t .  
4.4.2. Resu l t s  
The computer s imu la t i on  r e s u l t s  of t h e  example u s ing  t h e  SURKNET model 
a r e  p l o t t e d  i n  F igs .  4 .4  through 4.8, r e s p e c t i v e l y ,  f o r  t h e  f i v e  sewers.  I n  
each of t h e s e  f i g u r e s ,  t h e  d i scharge  p l o t  shows t h e  in f low hydrograph i n t o  
t h e  upstream manhole and t h e  outf low hydrograph a t  t h e  e x i t  of t h e  sewer. The 
s t o r a g e  p l o t s  shows t h e  combined i n - l i n e  s t o r a g e  of water  i n  t h e  sewer and 
t h e  manhole connected t o  i t s  upstream end, a s  w e l l  a s  t h e  s u r f a c e  ponding 
above ground when t h e  manhole i s  completely f i l l e d .  
The manhole in f low hydrographs were purposely s e l e c t e d  wi th  a  high peak 
d ischarge  i n  o rde r  t o  gene ra t e  s eve re  surcharge  i n  a l l  t h e  sewers.  Considering 
t h a t  t h e  SURKNET model was meant only a s  an approximate s imu la t i on  of t h e  flow, 
t h e  r e s u l t s  a r e  indeed reasonable  and accep tab l e .  The sha rp  peaks of t h e  out-  
flow hydrographs f o r  Sewers 3-5, 4-5, and 5-6 during t h e  pe r iod  t = 10 min t o  
15  min a r e  t h e  combined r e s u l t  of numerical e r r o r s  and hydrau l i c  assumptions. 
An anomaly i s  t h e  e a r l y  peak of t h e  i n - l i n e  s t o r a g e  i n  F ig .  4.8 f o r  
Element 5-6. However, because of t h e  computer money and time c o n s t r a i n t s ,  
f u r t h e r  i n v e s t i g a t i o n  was no t  made. 
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V. CONCLUDING REMARKS 
Hydrodynamically,storm sewer f low i s  one of t h e  most complicated and 
d i f f i c u l t  problems. The b a s i c  p h y s i c a l  p r i n c i p l e s  of surcharged  and open- 
channe l  f lows a r e  de sc r i bed  i n  Chapter  3 .  The p h y s i c a l  phenomena of t h e  
t r a n s i t i o n  between t h e s e  two f low phases  a r e  a l s o  d i s cus sed .  I n  view of t h e  
s t a t e - o f - a r t  i n  s i m u l a t i n g  surcharged  sewer f low,  an a t t empt  ha s  been made t o  
develop improved models f o r  s i m u l a t i o n  of such f low.  It i s  shown i n  t h i s  
r e p o r t  t h a t  a  k inema t i c  wave model, SURKNET, can be  fo rmula ted .  Neve r the l e s s ,  
because of t h e  i n h e r e n t  l i m i t a t i o n  of t h e  k inemat ic  wave approximat ion,  
SURKNET can on ly  be  cons idered  a s  a  s m a l l  s t e p  forward i n  t h e  advancement of - 
t h e  t e chn iques  i n  r e l i a b l e  s imu la t i on .  I n  a  companion r e p o r t  under p r e p a r a t i o n ,  
a  dynamic wave - su r cha rge  model w i l l  b e  proposed. Neve r the l e s s ,  f u r t h e r  
r e s e a r c h ,  p a r t i c u l a r l y  v e r i f i c a t i o n  of t h e  models us ing  r e l i a b l e  f i e l d  d a t a  
i s  most d e s i r a b l e .  
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